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Abstract
Transcript levels of hexokinase (HK) isozymes and glucose transporter (GLUT) isoforms in RNA samples of AH130 cells
obtained from dish cultures and ascites were evaluated in a quantitative manner. In AH130 cells cultured in dishes, HKI and
HKII were expressed at a similar level, but HKIII and HKIV were not. GLUT1 and GLUT3 were also expressed, and
messages of these two isoforms represented 27% and 71%, respectively, of the total GLUT messages. A faint signal of
GLUT2 was also observed. On the contrary, in cells grown as ascites, the transcript of HKII was dominant, and its level was
about 15-fold over that of dish-cultured AH130 cells. Transcript levels of GLUT1 and GLUT3 were 4.5- and 2-fold,
respectively, higher than those in dish-cultured cells. Thus, GLUT1 was more susceptible to changes in culture conditions
than GLUT3. Based on these results, we concluded that the change in growth conditions caused synchronized changes in the
transcript levels of HKII and GLUT1 in AH130 cells. However, such marked changes in the transcript levels of HKII and
GLUT1 were not observed when AH130 cells were cultured in dishes under a hypoxic condition, indicating that the observed
changes were not solely attributable to the difference in oxygen concentration between the ascites and cell culture conditions.
Accordingly, other factors such as growth factors may be responsible for this difference in levels of HKII and GLUT1
between the two growth conditions. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Accelerated glucose utilization is one of the most
typical features of malignant tumor cells [1]. How-
ever, its molecular basis has long been poorly under-
stood. A clue for this enigma was presented by Arora
and Pedersen [2]. They compared the activities of
various glycolytic enzymes between normal liver and
hepatoma cells. As a result, activities of all glycolytic
enzymes were found to be much higher in hepatoma
cells than in normal liver [2]. Of these, the most
marked di¡erence was observed with low Km hexo-
kinase (HK). Amazingly, its activity in hepatoma
cells was more than 100 times higher than that in
normal liver. In mammals, four hexokinase isozymes
(HKI^IV) have been identi¢ed (for a recent review,
see [3]). However, the question as to which isozyme is
responsible for the high hexokinase activity observed
in malignant tumor cells has not yet been clearly
answered. We previously found that type II isozyme
(HKII) is markedly expressed in rat hepatoma cell
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line AH130 [4]. Similar results were also obtained
with other hepatoma cells such as Morris hepatoma
3924A and AS-30D [5,6]. Therefore, HKII is thought
to be responsible for the increased hexokinase activ-
ity in hepatoma cells.
To enable rapid glucose utilization, a cell must
elevate not only the activity of hexokinase but also
that of the glucose transporter (GLUT). At least four
isoforms of the glucose transporter (GLUT1^4),
which mediates glucose transport across the plasma
membrane, have been identi¢ed (for reviews, see [7^
10]). After the initial identi¢cation of the cDNA en-
coding the GLUT1 isoform [11], various stimulants,
e.g., serum, that accelerate cellular glucose uptake
were examined for their e¡ect on the transcript level
of GLUT1. As oncogenic transformation and the
addition of serum to quiescent ¢broblasts elevated
the transcript level of GLUT1 [12^15], GLUT1 is
likely to be responsible for accelerated glucose up-
take in tumor cells. The existence of enhancer ele-
ments in the GLUT1 gene that responded to these
stimuli supports this idea [16].
The above results suggest that sugar metabolism in
tumor cells is mainly supported by HKII and
GLUT1. However, in a strict sense, the contributions
of other HK isozymes and GLUT isoforms to sugar
metabolism in tumor cells have not yet been properly
evaluated. For an accurate understanding of the
manner of sugar metabolism in particular tissues or
cells, quantitative analysis of the contribution of each
HK isozyme and GLUT isoform is of utmost impor-
tance. Previously, we established a method for quan-
titative analysis of transcript levels of HK isozymes
and GLUT isoforms using in vitro synthesized RNA
fragments as standards [16]. Accordingly, activities of
HK and GLUT in various normal tissues could be
explained well in terms of transcript levels of HK
isozymes and GLUT isoforms.
In this study, we applied this strategy to AH130
cells grown under two di¡erent conditions and eval-
uated the expression levels of each HK isozyme and
GLUT isoform in these cells in a quantitative man-
ner. Interestingly, signi¢cant di¡erences were ob-
served in transcript levels of HKII and GLUT1 be-
tween RNA samples from dish-cultured cells and
ascites cells. Thus, we concluded that transcript levels
of HKII and GLUT1 in AH130 cells could change in
a synchronized manner depending on the culture
conditions. To explore the factor(s) causing such a
marked di¡erence, we examined the e¡ect of hypoxia
on these transcript levels in dish-cultured AH130
cells. However, the levels of HKII and GLUT1
mRNAs were not markedly changed when the cells
were exposed to hypoxia. Based on these results, we
discussed a possible regulatory mechanism for the
expression of these genes.
2. Materials and methods
2.1. Materials
Thermostable DNA polymerase (ExTaq), T7 RNA
polymerase, and a DNA labeling kit were purchased
from TaKaRa (Otsu). [K-32P]dCTP (speci¢c radioac-
tivity, 111 TBq/mmol) was obtained from Amersham
(Buckinghamshire). Nitrocellulose membranes (type
BA85) were purchased from SchleicherpSchuell
(Dassel). RPMI 1640 was obtained from Nissui (To-
kyo), and fetal calf serum (FCS) from Life Technol-
ogies (Rockville, MD). Culture dishes (code 3020-
100) were purchased from Iwaki Glass (Tokyo).
2.2. Cell culture
Rat hepatoma cell line AH130 was kindly pro-
vided by Dr. Shimizu (Osaka University). AH130
cells were grown in two ways: grown in ascites by
being injected into the abdominal cavity of 4-week-
old male Donryu rats as reported [17], and cultured
in dishes containing RPMI 1640 medium supple-
mented with 10% heat-treated FCS [18].
To examine the e¡ect of hypoxia, dish-cultured
AH130 cells were incubated under a 1% oxygen con-
centration in a Sanyo multi gas incubator, model
MCO-175M. After incubation for the desired periods
(8^24 h), RNA samples were prepared.
2.3. RNA puri¢cation and quanti¢cation
Total RNA of ascites hepatoma cells was puri¢ed
by the guanidium thiocyanate method [19], and that
of cells in culture by the AGPC method [20]. The
concentration of RNA in the sample was determined
spectrophotometrically with a Shimadzu spectropho-
tometer, model UV-160.
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2.4. Preparation of cDNA probes and Northern
blotting
cDNA fragments of rat GLUT isoforms and HK
isozymes were prepared as described previously [16].
The cDNA fragment of cyclophilin was prepared by
PCR from ¢rst-strand cDNA of AH130 by use of
amplimers HT462 (5P-ATGGTCAACCCCACCG-
TGTTCTTC) and HT463 (5P-CTCCTGAGCTACA-
GAAGGAAT) [21]. These cDNA fragments were
radiolabeled by the multi-priming method and used
as probes for Northern analysis. To enable the quan-
titative evaluation of the transcript levels, we pre-
pared RNA fragments of HK isozymes and GLUT
isoforms as described previously and used them as
external standards [16].
The quantity of RNA subjected to electrophoresis
was con¢rmed by staining the RNA with methylene
blue. The intensity of hybridization signals was visu-
alized by exposing the electrophoretogram to an X-
ray ¢lm and evaluated quantitatively with an ATTO
image analyzer model AE-6700 connected to a Mac-
intosh model Quadra 650.
3. Results
3.1. Transcript levels of HK isozymes in
AH130 cells
We reported previously that HKII is the predom-
inant HK isoform expressed in the malignant tumor
cell line AH130 [4]. However, we found that its tran-
script level was not signi¢cant when AH130 cells
were cultured in dishes, suggesting that the transcript
levels of HK isozymes are dependent on the culture
conditions. Thus, in this study, we examined this
possibility. For exact comparison of transcript levels
of various proteins, quantitative determination of
their transcript levels is necessary. For this, RNA
fragments of all the HK isozymes were synthesized,
and their de¢nite amounts were subjected to agarose
gel electrophoresis as external standards together
with RNA samples of AH130 cells according to the
method described previously [16]. To examine the
reproducibility, we determined the message levels in
two independently prepared RNA samples from both
cells cultured in dishes and those grown in the ab-
dominal cavity. Furthermore, the transcript level of
cyclophilin was also determined as a control.
As shown in Fig. 1, the HKII transcript was ob-
served in both RNA samples, but its level in ascites
was markedly higher than that in RNA samples from
Fig. 1. Steady-state transcript levels of HK isozymes in AH130
cells. Two individual samples of total RNA (10 Wg) obtained
from AH130 cells cultured in dishes (Dish) or as ascites in the
abdominal cavity of rats (Ascites) were subjected to agarose gel
electrophoresis. Then, they were transferred to a nitrocellulose
membrane. In lanes I^IV and 1^4, aliquots (50 pg) of synthe-
sized RNA fragments encoding HKI to HKIV and GLUT1 to
GLUT4 were applied. Membranes thus prepared were incu-
bated with probes of HKI to HKIV or cyclophilin (CyP).
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dish-cultured cells. The transcript of HKI was also
detected, but its signal intensity was not markedly
di¡erent between these RNA samples. Contrarily,
levels of HKIII and HKIV transcripts were almost
negligible in these RNA samples.
The absolute amounts of HK isozymes in both
samples are summarized in Table 1. The total mes-
sage content of HK isozymes in ascites cells was 8-
fold greater than that in the cultured cells. In dish-
cultured AH130 cells, the transcript levels of HKI
and HKII were almost the same. However, in ascites
cells, they were 1.5-fold and 15-fold, respectively,
greater than those in cultured cells. As the transcript
level of HKII in ascites cells constituted 90% of the
total HK messages, HKII is apparently responsible
for glucose phosphorylation in ascites AH130 cells.
Assuming the content of mRNA in total RNA to be
2.5%, the transcript level of HKII in AH130 cells in
ascites (0.64 fmol/10 Wg of total RNA) agrees well
with the value of 2.5 fmol/Wg of poly(A)RNA de-
termined in our previous study [16].
3.2. Transcript levels of GLUT isoforms in
AH130 cells
In previous studies, we found that the steady-state
transcript level of HKII was markedly high in tumor
cells, in which that of GLUT1 was also signi¢cant
[22]. Therefore, we next determined the transcript
levels of GLUT isoforms in AH130 cells cultured
in dishes and in ascites. As shown in Fig. 2, tran-
script levels of GLUT1 and GLUT3 were quite high
in RNA samples from both ascites cells and dish-
cultured cells, and their levels in ascites cells were
markedly higher than those in dish-cultured cells.
In addition, a weak hybridization band correspond-
ing to GLUT2 was observed in samples from dish-
cultured AH130 cells, whereas it was not detectable
Fig. 2. Steady-state transcript levels of GLUT isoforms in
AH130 cells. Experimental conditions are as for Fig. 1.
Table 2
Transcript levels of GLUT isoforms in AH130 cells
GLUT Transcript levels in
cultured in dishes ascites
1 360 (27) 1616 (46)
2 20 (2) n.d. (0)
3 953 (71) 1867 (54)
4 n.d. (0) n.d. (0)
Total GLUT 1333 (100) 3483 (100)
Mean values of two di¡erent samples are expressed as amol/10
Wg of total RNA. For details, see legend to Table 1.
Table 1
Transcript levels of HK isozymes in AH130 cells
HK Transcript levels in
cultured in dishes ascites
I 46 (52) 70 (10)
II 42 (48) 638 (90)
III n.d. (0) n.d. (0)
IV n.d. (0) n.d. (0)
Total HK 88 (100) 708 (100)
Mean values of two di¡erent samples are expressed as amol/10
Wg of total RNA. n.d., not determined due to signals that were
too weak. ‘Total HK’ indicates the sum of all transcripts. Val-
ues in parentheses indicate transcript levels relative to ‘Total
HK’.
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in those from ascites cells. In contrast, no GLUT4
message was detected in either sample.
As summarized in Table 2, the total message level
of GLUT isoforms in ascites AH130 cells was 2.6-
fold greater than that in the dish-cultured cells. In
the latter, the transcript level of GLUT3 was about
2.6-fold greater than that of GLUT1, and the tran-
scripts of GLUT3 accounted for 70% of the total
transcripts of the total GLUT isoforms in contrast
to the 27% for GLUT1. However, the amounts of
transcripts of GLUT1 and GLUT3 in ascites cells
were 4.5-fold and 2.0-fold, respectively, greater than
those in dish-cultured cells, and the transcript level of
GLUT1 was almost the same as that of GLUT3 in
ascites cells, suggesting that GLUT1 as well as
GLUT3 is important for glucose uptake by AH130
cells grown in ascites.
3.3. E¡ects of hypoxia on the transcript levels of
HKII and GLUT1 in dish-cultured AH130 cells
The above results clearly indicate that transcript
levels of HKII and GLUT1 are markedly di¡erent
between AH130 cells grown in culture dishes and
those grown as ascites. So the question arises as to
what causes such marked di¡erences in their tran-
script levels. As the oxygen concentration in the ab-
dominal cavity is very low [23,24], hypoxia is one of
the most probable candidates as a common regula-
tory factor of expression of these genes. Thus, we
next examined the e¡ect of hypoxia on the transcript
levels of HKII and GLUT1 in dish-cultured AH130
cells. As a result, as shown in Fig. 3, a slight eleva-
tion (about 2-fold) of transcript levels of HKII and
GLUT1 was observed when cells were exposed to 1%
oxygen for 8 h. However, further elevation was not
observed, even after 24 h exposure. Furthermore,
even when dish-cultured AH130 cells were treated
with deferoxamine (DFO, 100 WM) or transition met-
als such as cobalt, both known as stimulants of hyp-
oxia-inducible factor (HIF-1), the e¡ects of these
stimulants were almost negligible (data not shown).
Thus, we concluded that the observed synchronized
changes in the transcript levels of HKII and GLUT1
that accompanied the change in culture conditions
could not be attributed to the e¡ect of hypoxia.
4. Discussion
Northern blotting is a useful method to analyze
the transcript levels of particular proteins in various
tissues. However, comparison of the transcript levels
of di¡erent RNA species is di⁄cult due to di¡erences
in speci¢c radioactivities and a⁄nities of probes. In
our previous study, we prepared RNA fragments for
four HK isozymes and four GLUT isoforms and
determined quantitatively their transcript levels in
various normal tissues using known amounts of syn-
thesized RNA as standards [16]. In this study, we
applied this strategy to AH130 cells grown in culture
dishes and in the abdominal cavity.
HKI and HKII were expressed at a similar level in
AH130 cells cultured in dishes. However, in ascites
AH130 cells, the transcript level of HKII was specif-
ically greater than that in the dish-cultured cells. As a
result, in ascites cells, of the four HK isozymes, the
HKII transcript represented 90% of the total HK
messages. Without performing quantitative evalua-
tion of the transcript levels of four HK isozymes,
we previously reported HKII to be the predominant
isoform expressed in AH130 cells [4]. Furthermore,
in our previous study, we only measured their tran-
script levels in RNA samples from AH130 cells
grown as ascites and did not pay any attention to
Fig. 3. E¡ect of hypoxia on the transcript levels of HKII,
GLUT1, and CyP in dish-cultured AH130 cells. Total RNA
samples (10 Wg) obtained from AH130 cells cultured under
normoxic conditions (Control) or exposed to hypoxia (Hypoxia)
were subjected to agarose gel electrophoresis, and messages of
HKII, GLUT1, and cyclophilin in these RNA samples were
then measured.
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their growth conditions. Thus, we must slightly revise
our previous conclusion as follows: HKII is predom-
inantly expressed in AH130 cells when the cells are
grown as ascites. On the contrary, GLUT1 and
GLUT3 were markedly expressed in dish-cultured
AH130 cells, and the amounts of their messages
were 27% and 71%, respectively, of the total
GLUT messages. In contrast, those of GLUT1 and
GLUT3 in ascites cells were 4.5-fold and 2-fold
greater than those in dish-cultured cells and they
became almost identical. It is noteworthy that tran-
scripts of HKIII, HKIV, GLUT2 and GLUT4 were
almost negligible in RNA samples from both dish-
cultured cells and ascites cells. These ¢ndings thus
shed further light on the accelerated sugar metabo-
lism in tumor cells. However, transcript levels of HK
isozymes and GLUT isoforms might be di¡erent for
di¡erent cell lines. Thus, for assessment of the com-
monness of this general feature of tumor cells, sim-
ilar analyses conducted on various tumor cell lines
are necessary.
When we compared the transcript levels of four
HK isozymes and four GLUT isoforms between
RNA samples prepared from dish-cultured AH130
cells and ascites AH130 cells, we found signi¢cant
di¡erences between the two growth conditions with
respect to the transcript levels of HKII and GLUT1,
indicating that their transcript levels were indeed de-
pendent on the growth conditions. As the growth
environment in the abdominal cavity is exceedingly
more complex than that in well-de¢ned culture me-
dium, it is very di⁄cult to know their di¡erences
clearly. Probably, di¡erences in concentrations of
various metabolites such as glucose and lactate, of
ions such as H (pH), and of gases such as oxygen
and carbon dioxide could be primary candidates re-
sponsible for the observed di¡erences in transcript
levels under the two growth conditions [23]. As oxy-
gen tension in the abdominal cavity is very low, we
suspected that hypoxia would be one of the most
probable candidates as a common regulatory factor
for the expression of these genes. Furthermore, the
regulation of GLUT1 transcription by hypoxia-in-
ducible factor (HIF-1), which mediates the signal of
low oxygen concentration, has been well studied
[25,26]. Regulation of expression of HKII by hypox-
ia was also reported for a human lung cell line, A549
[27]. Accordingly, as a ¢rst step of exploration of the
factor(s) causing marked di¡erences in transcript lev-
els of HKII and GLUT1, we examined the e¡ect of
hypoxia on the expression of HKII and GLUT1 in
dish-cultured AH130 cells. However, unexpectedly,
the e¡ect of hypoxia on the transcript levels of
HKII and GLUT1 in the cells was not signi¢cant.
Thus, hypoxia can probably be removed from the
above list of possible candidates.
Recently, Zebrowski et al. [28] reported that con-
centration of vascular endothelial growth factor in
malignant ascites was markedly elevated. Thus, the
possible involvement of such growth factors on the
regulation of gene expression of HKII and GLUT1
should also be considered. In this context, the report
by Sebastian and Kenkare [29] on the stimulatory
e¡ect of insulin-like growth factor on the transcript
level of HKII in cancer cells is very interesting. We
also observed a stimulatory e¡ect of serum on the
transcript level of HKII in ¢broblast cell line 3Y1
(Shinohara et al., manuscript in preparation).
In summary, quantitative analysis of transcript
levels of four HK isozymes and GLUT isoforms in
AH130 cells revealed synchronized changes in the
transcript levels of HKII and GLUT1 accompanying
a change in the culture conditions. However, attrib-
uting these changes solely to hypoxia seems to be
di⁄cult. Further studies on the regulatory mecha-
nism of gene expression of HKII and characteriza-
tion of sugar metabolism in tumor cells are in prog-
ress in our laboratory.
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